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Attempts were made to identify the degradation products 
of phytol and pheophytin-a in natural sediments. Aerobic 
and anaerobic simulation columns were designed so that a 
distinction could be made between biological and abiological 
degradation products. This distinction was made by 
comparing columns containing phytol and pheophytin-a with 
suitable control columns.
The columns were incubated at room temperature for 19 
to 7 6 days; Eh, pH, and bacterial growth were monitored 
throughout this time. After incubation, the sediments were 
Soxhlet extracted with chloroform. Portions of the re­
sulting extracts were subjected to reduction and deuterium 
labelling with lithium aluminum deuteride. Both the 
deuterated and non-deuterated extracts were analyzed by 
GC-MS.
Products found in the aerobic columns include a C-̂ g 
isoprenoid ketone, 2-phytene, and phytol. The ketone is 
indigenous to the sediment, while 2-phytene is believed to 
be formed by the abiological degradation of the added 
phytol. Metallo-chlorins were found in the control columns; 
this was a result of the low pH and the mercuric chloride 
used as a bacteriocide.
iii
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The anaerobic columns contained a C-̂ g isoprenoid 
ketone, 2-phytene, ph^tane, 1-pristene, phytadienes, and 
phytol. The ketone is indigenous to the sediment. The 
other products appear to have been formed from phytol, but 
because of bacterial growth in the control columns it could 
not be determined if they were a result of biological 
degradation.
A non-isoprenoidal "295 molecule" was found in all 
columns containing phytol. This compound showed a variable 
occurrence in both deuterated and non-deuterated extracts. 
Its presence could not be explained.
New aerobic and anaerobic simulation column designs are 
recommended based on the experience gained with the columns 







LIST OF FIGURES vii
LIST OF TABLES ix
ACKNOWLEDGEMENTS x
INTRODUCTION AND BACKGROUND 1
Chlorophyll-a Diagenesis 5
Phytol Diagenesis 10
The Proj ect 17
EXPERIMENTAL 19
Extraction of Chlorophyll from Spinach 19
Preparation of Pheophytin from Chlorophyll 20
Separation of Pheophytin-a 21
Aerobic Column Set-up 22
Anaerobic Column Set-up 28
Bacteria Counts 35
Mercuric Chloride Assay 38
Extraction of the Sediment 39
Deuteration Scheme— First Trial 4l
Deuteration Scheme— Revised 43
De-Asphalting and Column Chromatography 45
Pheophytin-a Analysis 46
Gas Chromatography-Mass Spectrometry Analysis 48
RESULTS AND DISCUSSION 49
Column Set-up and Incubation Measurements 49
Deuteration Reactions 60
GC-MS Analysis of Deuterated Samples 62
Degradation Products 70











APPENDIX I— STRUCTURES OF IMPORTANT ISOPRENOIDS 103
APPENDIX II— DATA TABLES 108
APPENDIX III— TENTATIVE IDENTIFICATION OF THE
"295 MOLECULES” 117





1. Isoprenoid Linkages 2
2. Chlorophyll-a Degradation 6
3. Model of the Ester Linkage in Pheophytin-a 8
4. Proposed Mechanism for the Deesterfication of
Pheophytin-a 9
5. Abiological Diagenesis of Phytol 13
6. Thermocatalytic Breakdown of Phytol 14
7. Aerobic Column 24
8. Aerobci Column Arrangement 26
9. Anaerobic Column— First Trial 30
10. Anaerobic Column— Second Trial 34
11. Bacteria Count Scheme 36
12. Aerobic Bacteria Count vs. Time 52
13. Anaerobic Bacteria Count vs. Time, Comparison
of 1D1, 2D4, 1C, 2C and 3C 53
14. Anaerobic Bacteria Count vs. Time, Comparison
of 20, 40, B, N and H 54
15. Aerobic pH vs. Time 56
16. Anaerobic Water Eh vs. Time 58
17. Anaerobic Sediment Eh vs. Time 59
18. Mass Spectrum of C^q Monocyclic Isoprenoid 61









Chromatogram of the 1D1 NSO Fraction 65
Chromatogram of the R-1D1 NSO Fraction 66
Aerobic column Designed by Horvath 85
Proposed Anaerobic Column Design— Cross Section 87
Proposed Anaerobic Column Design— Top View 88





1 . Bacterial Sources of Isoprenoids 4
2. Aerobic Column Set-up 25
3. First Trial Anaerobic Column Set-up 29
4. Second Trial Anaerobic Column Set-up 33
5. Mercuric Chloride Assay 40
6 . Presence of the "295 Molecules" in 
Extracts
Sediment 67
7. Phytol Degradation Products in the 
Extracts
Aerobic 72
8. Phytol Degradation Products in the 
Extracts— NSO Fractions
Anaerobic 74
9. Phytol Degradation Products in the 
Extracts— Saturate Fractions
Anaerobic 75




The most important part of this thesis— the analyses—  
were made possible by Bill Louda (Florida Atlantic Univer­
sity), Dave King (USGS), and Gary Keen (Conoco, Inc.) and 
all their fellow workers. These people merit the most 
thanks and appreciation.
My advisor, Douglas Waples, and my thesis committee 
members, Stephen Daniel, George Lucas, and David Updegraff, 
spent a good deal of time helping me during my time at CSM. 
I extend a sincere thank you to all of these people for 
their helpful suggestions, comments, and criticisms.
While writing my thesis I was assisted by many people 
at Conoco, Inc. Among these were Nancy Esch, Kevin Ellis, 
and Diane Webb. Harry Dembicki also lent assistance with 
his many thoughtful suggestions and comments concerning the 
GC-MS results. To all of these people I extend my thanks.
In addition to the people who were directly connected 
with my thesis, there were those who provided necessary 
moral support. Among these were Robin Coubrough and Kevin 
Hurley, who both managed to help me out of the inevitable 
ruts. Larry Jensen also deserves mention for his support 
during the final throes of the thesis. But most important 
were my parents, who provided encouragement and many words 




Since the isolation of phytane* (I; Dean and Whitehead, 
1961) and pristane (II; Bendoratis et al. , 1962) from crude 
oils, there has been considerable research aimed at 
identifying the origin of the acyclic isoprenoids found in 
sediments and petroleum. Isoprenoids are a class of 
compounds formed by linking C^ isoprene units together; 
Figure 1 shows the three types of linkages possible. Regular 
isoprenoids, with the head-to-tail linkage, are the most 
common; they have been found In bacteria, sediments, and 
petroleum. The tail-to-tail linkage is commonly found as 
squalane (III) in shark liver oil (Tissot and Welte, 1978) 
and petroleum (Albaiges et al., 1978); 3-carotene and 
lycopene are other tail-to-tail linked isoprenoids. The 
rarest linkage is the head-to-head conformation; this 
isoprenoid type has recently been found in sediments 
(Hoering, 1971) and petroleum (Seiffert and Moldowan, 1980). 
The only natural analogue has been identified as u),a>T- 
byphytanediol in cell walls of thermoacidophilic bacteria.
This study is primarily concerned with the head-to- 
tail isoprenoids that could be derived from phytol (IV), the 
C2q isoprenoid found in chlorophyll-a (V). This choice
^Structures are found in Appendix I.
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Figure 1. Isoprenoid Linkages.
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was based on the general belief that acyclic isoprenoids of 
fewer than twenty carbon atoms are derived primarily from 
chlorophyll-a (Bendoraitis et al., 1962; Cox et al., 1971; 
Tissot and Welte, 1978). Vitamin K and a -tocopherol 
also contain phytyl side chains, but the ubiquitous nature 
of chlorophyll-a in green plants and photosynthetic bacteria 
suggests that it is the major contributor of regular 
isoprenoids to sediments (Cox et al., 1971). Certain 
bacteria species, shown in Table 1, also contain phytol 
chains, but their distribution is too restricted to be 
considered major isoprenoid sources except in certain areas.
Phytol could easily be the source of all regular 
isoprenoids with fewer than twenty carbon atoms, but there 
is another possible source for regular isoprenoids with 
fewer than fiteen carbon atoms. This source is the farnesyl 
side chain of the chlorobium chlorophylls (VI) found in 
green sulfur bacteria (Vernon and Seely, 1966). This 
isoprenoid contains three isoprene units linked head-to- 
tail; the double bonds from the isoprene units have remained 
intact. Isoprenoids with fewer than fifteen carbons are 
generally lost during extraction, therefore, not much is 
known about their presence in sediments and oils. They were 








Halophilic 3 Dead Sea
1 Tornabene and Langworthy, 1979.
2 de Rosa et al., 1977.
3 Kates et al., 1967.
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Isoprenoids with twenty-five to thirty carbon atoms 
generally contain a single tail-to-tail linkage, and are 
believed to be derived from squalene (VIII; Albaiges et al., 
1978). Recently isoprenoids with a single head-to-head 
linkage have also been found; these are believed to have 
been derived from bacteria cell walls (Seiffert and 
Moldowan,. 1980), To form these larger Isoprenoids from 
phytol requires dimerization of two phytol-derived 
isoprenoids in a. head-to-head or tail-to-tail configuration. 
Several carbons would then need to be lost from one or both 
ends to produce the isoprenoids with fewer than thirty 
carbon atoms that are found In sediments and petroleum. The 
presence of these isoprenoids in our experiments would give 
vital clues to the formation of large isoprenoids.
Chlorophyll-a Diagenesis
The initial step in the breakdown of chlorophyll-a is 
the loss of magnesium to form pheophytin-a (see Figure 2). 
This step occurs at or near the sediment-water interface 
(Baker and Smith, 1973). Because this early loss of 
magnesium is well documented, pheophytin-a was used instead 
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Figure 2. Chlorophyll-a degradation.
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After the formation of pheophytin-a, elimination of the 
phytyl moiety can occur. In an analysis of deep ocean 
sediments Simoneit (1973) found an abundance of phytadienes 
(VIII - X). Two explanations, one biological and the other 
abiological, were proposed for this abundance. After 
ingestion of chlorophyll-a by zooplankton, metabolic 
reactions could produce phytadienes and chlorins. Following 
the death of the zooplankton, these metabolic products could 
be incorporated into sediments. An alternate proposal for 
the presence of phytadienes in sediments is direct 
elimination of the phytyl chain of chlorophyll-a or 
pheophytin-a as phytadienes (Simoneit and Burlingame, 1973).
Because neophytadiene (VIII), the least thermodynam­
ically stable phytadiene, was the predominant diene found in 
deep-sea sediments, Baker and Smith (1973) proposed the 
elimination pathway shown in Figures 3 and 4. The 
proximity of the protons of the 3-methyl group to the 
carbonyl oxygen of the phytol chain would lead to a loss of 
neophytadiene as the predominant diene. This mechanism is 
only operative when neophytadiene predominates over other 
dienes because of the thermodynamic instability of neo­
phytadiene .
The phytyl moiety is not always lost during oxidative 
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Figure ^. Proposed mechanism for the deesterfication 
of pheophytin-a. After Baker and Smith
((1973) -
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the phytyl double bond is reduced, forming dihydrophytol 
pheophorbide-a (Figure 2; Baker and Smith, 1973; Louda, 
personal communication, 1980). With the ester linkage 
intact, the molecule then undergoes allomerization and 
reduction before the elimination of the phytyl side chain.
Phytol Diagenesis
Phytol can enter sediments as part of the chlorophyll-a 
molecule as discussed above, or as part of the marine food 
chain. Zooplankton accumulate phytol by hydrolysis of 
chlorophyll-a contained in the phytoplankton and photo­
synthetic bacteria they eat. Enzymatic reactions can then 
convert the phytol to pristane and C ^ q mono- and diolefins 
(Koons and Pancirov, 1979)* Zooplankton are eventually 
eaten by higher organisms, but the isoprenoid compounds 
remain unchanged, as shown by the presence of phytol in the 
fat of marine fish and mammals (Blumer and Snyder, 1965). 
When the zooplankton and higher organisms begin to decay 
after death, the isoprenoids, including phytol, are released 
into the sediments where further changes can occur.
Little is known about the early fate of phytol in 
sediments. Various simulation experiments with phytol under 
oxidizing conditions have resulted in the formation of a C^g 
isoprenoid ketone (XI; Brooks and Maxwell, 1973;
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de Leeuw et al., 1973; Eglinton, 1973; Ikan et al., 1975); 
phytenic acid (XII; Boon et al. , 1975; de Leeuw et al.,
1975; Ikan et al., 1975); phytadienes, dimers and trimers
(c 40H76 C4oH78°3 C60H111̂, C60Hll6O:—  no structures
given), and phytanic and phytenic aldehydes (XIV, XV; de
Leeuw et al., 1973 and 1975). Many of these products were
believed to be the result of biological activity, but no
attempt has been made to show this conclusively. Phytenic
acid in particular has not been shown to be produced from
phytol by bacterial action (Boon et al., 1975).
Under reducing conditions, dihydrophytol (XVI) is 
believed to be an intermediate product in the breakdown of 
phytol (de Leeuw et al., 1975; Eglinton et al., 1973; Ikan 
et al., 1975). Dihydrophytol is in turn readily reduced to 
phytane (I; Ikan et al., 1975). A C^g isoprenoid ketone has 
also been found in anaerobic simulation experiments (Brooks 
and Maxwell, 1973).
In a study involving the abiological, anaerobic, 
thermocatalytic degradation of phytol in montmorillonite at 
60°C, the products formed changed with the length of 
incubation. After three days, isophytol (XVII) and phyta­
dienes were identified, as were small amounts of dimers.
With increasing time, the amount of phytadienes decreased, 
while the abundance of dimers increased. At 28 days, the
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dimers predominated and no phytadienes were detected (de 
Leeuw et al., 1973 and 1975).
Phytadienes and dimers were also identified in aerobic 
simulations involving phytol in sterile montmorillonite and 
in in situ inoculations of phytol into lacustrine sediments. 
Because bacteria were present in the in. situ experiments, 
the products could not be attributed entirely to abiological 
alterations as they were in the other experiments. But, 
assuming the reactions were all abiological, de Leeuw et 
al., (1975) proposed that the early stage diagenesis of
phytol proceeded through the allylic carbocation shown in 
Figure 5. The phytol isomerization shown could also lead to 
the formation of phytanic aldehydes, which were produced in 
simulations using montmorillonite (de Leeuw et al., 1975)*
In earlier experiments involving the aerobic thermo- 
catalytic breakdown of phytol, de Leeuw et al. (1973) found 
a C-̂ g isoprenoid ketone, diphytyl ether (XVIII), and 
phytenic aldehydes, as well as dimers and trimers. Figure 6 
shows the proposed mechanisms for the formation of these 
products from phytol. Diphytyl ether is formed by the clay- 
catalyzed loss of one molecule of water from two molecules 
of phytol. Breakdown of diphytyl ether could result in 
phytenic aldehyde and phytene (XIX), probably via an 
intramolecular rearrangement. Phytenic aldehyde could then
T-2389
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Figure 5. Abiological diagenesis of phytol. After 
de Leeuw et al. (1975).
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Figure 6. Thermocatalytic breakdown of phytol. After 
de Leeuw et al. (1973).
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be attacked by water: in a Michael addition to give
g - h y d r o x y - a l d e h y d e  (XX), the presence of which was not 
confirmed in de Leeuw’s (1973) experiments. Loss of 
formaldehyde via an intra-molecular rearrangement would 
lead to the C^g isoprenoid ketone. Dehydration of phytol to 
phytadienes, followed by dimerization, probably via a Diels- 
Alder type reaction, would give rise to dimers and trimers 
(de Leeuw et al., 1973).
The presence of a C^g isoprenoid ketone in de Leeuw’s 
experiments is interesting because this compound was only 
recently identified in sediments (Ikan et al., 1973).
Because de Leeuw’s experiments were not strictly abiol- 
ogical, the possibility of forming this ketone through 
microbial action could not be ruled out. In later exper­
iments using phytol and bacteria, the main degradation 
product found was this same ketone (Brooks and Maxwell,
1973; Ikan et al., 1975). The experiment of Brooks and 
Maxwell was carried out under anaerobic conditions, ruling 
out the possiblility of ketone formation by air oxidation as 
proposed earlier by Curphey (1952). It seems likely, 
therefore, that the C1g isoprenoid ketone was formed by 
enzymatic oxidation, though the mechanism proposed by de 
Leeuw et al. (1973) cannot be ruled out until the formation 
of this ketone is shown to be predominantly biological.
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Two other products found in simulation experiments are 
dihydrophytol and phytane. Dihydrophytol is formed by 
hydrogenation of phytol under reducing conditions, or by 
hydrolysis of dihydrophytol pheophorbide-a (Figure 2), as 
discussed earlier. The loss of water from dihydrophytol, 
followed by hydrogenation, leads to phytane (Ikan et al., 
1975). Alternatively, clay-catalyzed dehydration of phytol 
to phytadienes, followed by hydrogentation, could yield 
phytane (Blumer and Snyder, 1965).
Dihydrophytol is found in recent marine sediments 
(Sever and Parker, 1969), but phytane is uncommon (Blumer 
and Snyder, 1965; Brooks and Maxwell, 1973; Brown et al., 
1972). This same situation is found in anaerobic simulation 
experiments (Brooks and Maxwell, 1973; Eglinton, 1973; 
de Leeuw et al.. , 1973 and 1975). Except in Dead Sea 
sediments where phytane is moderately abundant because of 
the presence of halophilic bacteria (Kaplan and Baedecker, 
1970), microbial action has not been shown to be the source 
of dihydrophytol or phytane in sediments.
Most of the degradation products discussed above are 
thought to be the result of microbial action, yet none of 
the reported experiments has definitely shown this to be the 
case. The mechanisms are shown here to give an idea of what 
compounds were expected in our simulation experiments. In
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particular, we were watching for previously unconfirmed 
compounds such as 3-hydroxy-aldehyde (XX). The primary 
aim of this study, however, was to show which products were 
a result of microbial activity and which were produced by 
nonbiological reactions, a distinction that has not been 
clearly made in the past.
The Pro j ect
From the discussion of previous simulation experiments 
with phytol, it is evident that though researchers believe 
certain alterations to be biological, no serious attempt has 
been made to separate biological reactions from nonbio­
logical ones. The experiments described in this thesis were 
designed with the intent of distinguishing between these two 
classes of reactions. This distinction was to be made by 
comparing a series of diagenesis columns containing phytol 
and/or pheophytin-a and nutrients with a series of control 
columns containing mercuric chloride as a bacteriocide. For 
this project, reactions occurring in columns containing 
mercuric chloride were to be considered abiological; all 
other reactions were considered biological. Unfortunately, 
as will be described in the Results and Discussion section, 
the bacteriocide did not perform as expected. This
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problem, as well as others that will be discussed below, 
resulted in a reevaluation of the thesis’ major emphasis.
This thesis reports the work performed, and a summary 
of the results with pertinent discussions. Conclusions 
concerning the fate of phytol in sediments are somewhat 
limited due to problems encountered both in the column 
design and in the analysis of the extracts. The major 
thrust of this work, therefore, will be recommendations on 
how the experiments might be improved for future simulation 




Extraction of Chlorophyll from Spinach
Chlorophyll was extracted from fresh spinach in a 
procedure similar to that of Wilson and Nutting (1963).
A solution of 150 ml acetone (MCB Reagent grade) and 100 g 
of fresh rib- and stem-free spinach was blended for three 
minutes in a Waring Titan X Blender. Assuming that spinach 
is 90% water (Wilson and Nutting, 1963)3 enough 100$ acetone 
was added to bring the acetone concentration in the slurry 
to 80$; the solution was then blended for two more minutes. 
The spinach slurry was filtered through a coarse-sintered 
glass funnel and washed with 80$ acetone. The acetone 
was evaporated with a Buchler Instruments Plash Evaporator 
with the water bath temperature at 40°C. Care was taken 
to cool the water bath to 25°C before exposing the extract 
to air in order to prevent rearrangement of the chloro­
phyll molecule (Louda, personal communication). Chloro­
phyll was extracted from 750 g of spinach in this manner; 
the extracts were collected and stored under nitrogen in 
one flask in the freezer.
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Preparation of Pheophytins from Chlorophyll*
A procedure developed by Louda (personal communication) 
was used in the formation of the pheophytins. After 
dissolving the chlorophyll in a minimal amount of acetone, 
0.1 ml 10# HC1 (w/w) for every 5 ml of solution was added. 
The solution was swirled gently, and then placed in the 
dark for ten minutes; the color changed from bright dark 
green to dull olive green-brown. This solution was then 
added to diethyl ether (MCB Absolute; peroxides and hydro­
peroxides were removed by percolating the ether through 
MCB F20 activated basic alumina) in a separatory funnel.
Ten volumes of saturated saltwater were added and the 
aqueous layer was removed and discarded. The solution was 
rinsed with saltwater until the pH was neutral.
Evaporation was carried out as above and the extracts were 
stored under nitrogen in a freezer. This step, which 
removes magnesium from the chlorophyll molecule, was 
carried out using 18 separate unweighed portions of the 
prepared chlorophyll.
*A11 work with pheophytin was done under a General 




The procedure of Kenner et al. (1973) was chosen as 
a fast and easy way to separate pheophytin-a from 
pheophytin-b and other impurities formed in the previous 
two procedures. The pheophytin mixture (2.99 g) was 
dissolved in 83 ml of chloroform, 104 ml methanol, and 15 ml 
acetic acid (MCB Reagent grade; chloroform and methanol 
were redistilled). After the addition of 1.24 g Girard’s 
Reagent ’T ’ ((Carboxymethyl)trimethylammonium chloride
hydrazide, MCB), the solution was refluxed for one hour. 
After evaporation of the solvents (the last traces of 
acetic acid were removed with toluene), the solids were 
dissolved in 25 ml of warm methylene chloride (MCB Reagent 
grade, redistilled) and filtered through glass wool to 
remove excess Girard’s Reagent ’T ’.
The residue, in methylene chloride, was chromato­
graphed on a 3-3 x 60 cm neutral alumina (E. Merck,
Brockman activity grade I with 10% water by weight to make 
the alumina activity grade V) column. The yellow 
carotenoids eluted first, followed by green pheophytin-a, 
which is red under long-wave length UV light. The blackish 
pheophytin-b band stayed in the top 1 to 2 cm. After 
evaporation in vacuo, pheophytin-a was recrystallized from
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methylene chloride-methanol as described by Pavia et al. 
(1976). The collected crystals were rinsed out of the 
filter paper with acetone, which was then evaporated under 
a stream of nitrogen. The resulting crystals, which were 
dark green and tarry, were stored in the freezer. A total 
of 0.14 g of pheophytin-a was prepared in this manner.
Using UV/VIS spectroscopy, J. W. Louda determined that 
the pheophytin-a was pure.
Aerobic Column Set-up
An aerobic sediment of pebble (12.5 mm) to silt 
(1/16 mm) size grains was collected from Palmer Creek,
SE8 T2S R4E, Pennington County, South Dakota, by scooping 
the sediment into a metal bucket.* A gallon of water was 
also collected. This location is 200 yards upstream from 
a seasonal horse camp and 500 yards downstream from a horse 
trail crossing. There is no habitation within a one mile 
area, therefore, the sediment should be free of human 
contamination. Between collection in August, 1979 * and 
column preparation in January, 1980, the sediment was 
stored at 5°C.
The sediment was forced into a one inch (OD) glass 
tube by pushing the column into the sediment; after
*Prior to use, all pebbles >12.5 mm were removed.
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sealing the top with a rubber stopper, the column was 
removed from the sediment. In this manner, approximately 
three' inches of sediment (80 g wet weight) was placed 
in a column. The bottom of the column was sealed with an 
aluminum foil-wrapped stopper fitted with a bent glass 
tube (Figure 8) and the top stopper removed.
Pheophytin-a (prepared as described above) in decalin 
(MCB Reagent grade, redistilled), phytol (Aldrich Technical 
grade), or both, were injected into the sediment using 
a glass syringe fitted with a four inch stainless steel 
needle according to the scheme shown in Table 2. Because 
of the coarseness of the sediment, these compounds could be 
seen flowing easily throughout the column. Creek water, 
containing combinations of glucose (Baker Analyzed,
Reagent grade), yeast extract (Difco Laboratories, Detroit 
Michigan), and mercuric chloride (MCB, crystals) was added 
next as shown in Table 2. Nutrients were added to promote 
bacterial growth, while mercuric chloride was added to 
inhibit growth. Finally, the columns were stoppered with 
an aluminum foil-wrapped one-hole stopper fitted with a 
glass rod (Figure 8).
When all the columns were ready, they were connected 
to an air line in parallel (Figure 9) and stored in the 
dark at room temperature (10 to 20°C) for 19 to 78 days.
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Figure 7- Aerobic column.
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TABLE 2 
AEROBIC COLUMN SET-UP 
(BLACK HILLS SEDIMENT AND WATER)
Total
Column Phytol Pheophytin-a (mg) Nutrients HgCl2 Water 
(g) Decalin (ml) (g) (mg) (ml)
Diagenesis
3D12 0.62 - 0.16 - 415
3D23 0.62 - 0.16 - 235
4D13 - 8.9/2.50 0.16 - 325
4D24 - 7 -8/2.65 0.16 - 120
H D 3 h - 5-7/2.00 0.16 - 585
4d42 - 7.5/2.35 0.16 - 480
Control
DEC2 - 0.0/1.00 - - 195
5C2 - - - 470
6C 5 - - 0.16 - 155
7C 2 - - 0.16 80 220
8c 2 - - 0.16 80 435
10C2 0.62 7*2/2.35 0.16 80 105
1 35 ml original water in each column
2 76 day incubation
3 42 day incubation
h 19 day incubation



































A gas bubbler was added to the air line as a humidifier 
on day 10. On day 28 stopcocks were inserted into the air 
line to control the air flow into individual columns. 
Because of the high air flow and consequent evaporation 
early in the incubation, additional creek water, free of 
additives, was added as needed; total water added is 
shown in Table 2. Mercuric chloride was added if the need 
was indicated by bacterial growth in the control columns.
During incubation, columns were checked periodically 
for bacterial growth as described below. During the later 
part of the experiment pH readings were made with a 
Fisher MicroProbe Combination Electrode and a Corning Model 
610A Portable pH Meter. These readings were taken by 
removing the top stopper and lowering the electrode into 
the top one inch of the water. Eh readings were not taken 
due to the constant flow of oxygen in the column.
After incubation, the column ends were sealed with 
Tygon tubing and clamps; the columns were then frozen.
The columns were unfrozen later and divided in half for 
separate analyses of pheophytin-a and phytol degradation 
products; each half was refrozen. A complete set of the 
halv.es were shipped on dry ice to J . W. Louda at Florida 
Atlantic University for pigment analyses. The remaining 
samples were analyzed for isoprenoids as described later.
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Anaerobic Column Set-up
A black marine mud was collected in a box core by 
Andrew Soutar of Scripps Institute of Oceanography 530 m 
below the sea surface off the west coast of Mexico 
(23° 35.0’ N. Latitude, 107° 23.6’ W. Longitude). The 
sediment was stored at 0°C, except for one week at 5°C. 
Two days prior to use, the sediment was thawed in a 
pressure cooker filled with nitrogen.
Aluminum foil-wrapped rubber stoppers were epoxied 
into one end of one inch (OD) glass columns. After the 
epoxy had set, sediment and pheophytin-a (prepared as 
described above) in decalin, phytol, or both, were added 
according to the scheme in Table 3- When there was 
approximately six inches of sediment in the column, sea 
water (Instant Ocean, Aquamarine Systems, Eastlake, Ohio) 
with combinations of glucose, yeast extract, and mercuric 
chloride was added as shown in Table 3. The columns were 
then sealed with a second aluminum foil-wrapped rubber 
stopper and thoroughly shaken. The rubber stopper was 
replaced with one fitted with a glass tube and balloon 
(Figure 10). When all the columns were set up, they were 
placed upright in a dark room for 20 to 76 days. During 
this time the temperature varied from 14 to 25°C.
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TABLE 3
FIRST TRIAL, ANAEROBIC COLUMN SET-UP 
(MARINE MUD; SEAWATER1)
Column Phytol Pheophytin-a Decalin Nutrients HgCl2 










2C2 - - - 0.2 -
3 C 2 - - - - 0 . 1 8
4C2 - - - 0.2 0.18
9C2 0.85 10 3.6 0.2 0.18
1 60 ml of seawater was used in each column
2 7.6 day incubation
3 42 day incubation
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Figure 9. Anaerobic column— first trial.
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During incubation bacteria counts were taken as 
described below. Eh and pH measurements were taken by 
removing the top stopper and lowering the electrodes 
(Glass Electrode for pH, Model MI-405, and Ag-AgCl^ 
reference, Model MI-409, made by Microelectrodes, Inc., 
Londonderry, New Hampshire; platinum electrode made by 
J. Horvath, Colorado School of Mines, Golden, Colorado; 
using a Corning Model 610A Portable pH Meter) into the 
water. Eh measurements were also made on the sediment 
by pushing the platinum and reference electrodes 2 cm 
into the sediment.
Following incubation, the columns were frozen. Later 
the columns were cut in half with a diamond saw; the bottom 
half was allowed to thaw, while the top half was placed 
in a jar and refrozen. The bottom halves were placed in 
jars and mixed thoroughly then divided into two equal parts 
and refrozen. One part of the pheophytin-a and control 
samples (bottoms only) were sent to J . W. Louda for 
porphyrin analysis. The other part of the bottom halves 
was analyzed for isoprenoids' as described below.
The Eh measurements throughout the incubation of these 
columns indicated that the top part of the sediment and 
water was oxygenated, so a new set of columns was set-up. 
One inch (OD) glass columns were first sealed at the
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bottom to form a large test tube. Seawater, with appro­
priate additives, was added to the column (see Table 4). 
Sediment (92 ml) and phytol (0.85 g* see Table 4) were 
added next while the column was in an ultrasonic water 
bath. Finally, the columns were sealed with Teflon-tape- 
wrapped green Neoprene stoppers'(VWR Scientific) fitted as 
shown in Figure 11. These columns were kept in a water 
bath at 23 to 28 °C for 20 to 40 days. During incubation 
bacteria counts were taken by lowering pipettes through a 
glass T. Eh and pH measurements were taken with a Corning 
Model 12 Research pH Meter by lowering the electrodes 
through the glass T*s while flushing the system with 
purified nitrogen.
After incubation, the columns were frozen. Prior to 
extraction, the bottom of the column was cut off with a 
diamond saw. The column was then horizontally cut into 
four pieces— three sediment and one water— the size of 
Soxhlet thimbles. Each section was placed in a thimble and 
rinsed with methanol. All three sediment sections were 
extracted as described below. Because the columns were 
cut merely to simplify extraction, the extracts were 
combined during evaporation of the solvent.
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TABLE 4
SECOND TRIAL ANAEROBIC COLUMN SET-UP 
(MARINE SEDIMENT; SEA WATER)
Column Phytol Nutrients HgCl Sea Water
(g) (g) _ (g) (ml)
1
20 0.85 0.16 - 30
2
40 0.85 0.16 - 30
B 1 - - 30
3N - 0.22 - 40
2H 0.22 40
HN - 0.22 0.22 '40
3HNP 0.85 0.22 0.22 40
 1----------------2 20 Day incubation
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Figure 10. Anaerobic column--second trial.
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Bacteria Counts
The number of bacterial colonies per milliliter of 
column water was counted periodically to ascertain the 
presence or absence of bacterial growth within a column.
The procedure used is shown schematically in Figure 7 and 
is described below.
A 0.1 ml sample of water from the sediment-water 
interface was removed from a column with a sterile 1.0 ml 
pipette (Kimax). This sample was added to 9.9 ml of 
sterilized water to make a 1:100 dilution (all sterile 
tubes were flamed on opening and again before closing in 
accordance with normal aseptic techniques). This mixture, 
A, was shaken rapidly 30 times through a 90° arc. A 0.1 ml 
aliquot of solution A was added to 9*9 nil of sterilized 
water and shaken as above. A 0.1 ml aliquot of this new 
solution B (a 1:10** dilution of the original solution) was 
placed on an agar plate and spread with a bent glass rod 
that had been rinsed in 70% ethanol (MCB 95% Reagent grade, 
dilute with distilled water) and flamed three times. One 
milliliter from B was added to 9.0 ml of sterilized water 
to form solution C_, a 1:10 dilution of the original 
solution. After shaking, 0.1 ml of C was placed on an 
agar plate and 1.0 ml was added to 9.0 ml of sterilized 





9.9 ml Water 
I 0 4 dilution





9.9 ml Water  
102 dilution
0.1 ml
A g a r  P la te  
Plate B
.0 ml
9.0 ml W ater  
10 6 dilution-
0  ml
9.0 ml W ater  
I 0 6 dilution
A gar Plate p 
Plate C v
A g a r  Plate  
Plate  D
Figure 11. Bacteria count scheme.
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solution. Finally, 0.1 ml of D was spread on an agar 
plate.
Through this method of adding 0.1 ml to 9.9 ml, a 
solution can be diluted by a factor of 100. By adding 
1,0 ml to 9-0 ml a ten times dilution is obtained. Because 
only 0.1 ml is put on an agar plate, the actual number of 
bacterial colonies in a column is:
colonies counted x dilution factor x 10 tenth ml .
ml
After plating the solutions, the plates were incubated 
at 28°C for three days along with control plates containing 
no solutions. At three days, the number of colonies was 
counted and the colonies described. A count of fewer than 
30 was considered too few to count, while more than 300 
were too many to count (TMTC). The plates were then 
incubated an additional four days and counted again.
Any change in number or description was noted. In this 
procedure, control plates should show no growth; if they do, 
all plates used may have been contaminated. A quick check 
of colony types and growth decreasing from plate 
B to C_ to D will reveal if any or all plates have been 
contaminated.
As there were two different types of environments 
used in this study, different water and agar plates were
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necessary for the two systems. Aerobic bacteria counts 
were carried out using sterile distilled water and Standard 
Methods Agar (Pasco Labs, Wheatridge, Colorado). Anaerobic 
bacteria counts were done with sterile sea water (Instant 
Ocean, Aquamarine Systems, Eastlake, Ohio) and Zobell’s 
Marine Agar (Zobell, 19^6; made by Pasco Labs). Aerobic 
plates were incubated under atmospheric conditions. 
Anaerobic plates were incubated in a pressure cooker fitted 
with two valves; air was pulled out of the tank with a 
vacuum pump, hydrogen was then added to a pressure of 
2 psi.
Mercuric Chloride Assay
To determine how much mercuric chloride was actually 
present in the sediment as well as to determine the effect 
of mercuric chloride on anaerobic bacteria, a mercuric 
chloride assay was conducted. Solutions of 10 cells of 
Bacillus subtilus and bacteria from columns H, HN, and HNP 
were made by adding cultured bacteria to 1 ml sterilized 
water until a cloudy suspension was obtained. A tenth 
milliliter (10^ cells) of the Bacillus subtilus solution 
was placed on each of ten petri dishes; melted tryptic 
soy agar (Pasco Labs, Wheatridge, Colorado) was added and 
the solution swirled to mix. One-tenth milliliter portions
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of the H, HN, and HNP bacteria were placed on a second 
set of ten plates as shown in Table 5; melted ZobellTs 
Marine Agar was added to these plates. Paper discs dipped 
in mercuric chloride solutions were placed on each plate 
as shown in Table 5. After incubation at 28°C in a 
nitrogen atmosphere for four days, the zone of inhibition 
(area of no growth around a disc) was measured and the 
bacterial colonies counted for each plate. The results for 
standards and columns were then compared to determine the 
inhibition caused by mercuric chloride.
Extraction of the Sediment
The night before extraction, the frozen sediment 
samples were placed in a refrigerator to thaw. The water 
from the aerobic sediments was drained into a beaker, then 
the sediment was rinsed with two-20 ml portions of methanol 
(MCB Absolute grade) to remove any remaining water. The 
anaerobic sediments and water were placed in Soxhlet 
thimbles and rinsed with 30 to 50 ml of methanol; both 
the water and the methanol were collected in a beaker.
The methanol-water fraction was placed in a separatory 
funnel and acidified with concentrated hydrochloric acid 
(MCB Reagent grade) to protonate any acid anions present. 








1 0 .28% Bacillus subtilus
2 0.14% Bacillus subtilus
3 0 . 0 7 % Bacillus subtilus
4 Column H Water Bacillus subtilus
5 Column H Sediment Bacillus subtilus
6 Column HN Water Bacillus subtilus
7 Column HN Sediment Bacillus subtilus
8 Column HNP Water Bacillus subtilus
9 Column HNP Sediment Bacillus subtilus
10 Control Control
Zobell's Marine Agar
11 0.28% Column H 1
12 0.14% Column H
13 0.07$ Column H
14 Column H Water Column H
15 Column H Sediment Column H
16 Column HN Water Column HN
17 Column HN Sediment Column HN
18 Column HNP Water Column HNP
19 Column HNP Sediment Column HNP
20 Control Control
1 Bacteria cultured from column sediment.
T-2389 Hi
(MCB Reagent grade, redistilled) until both layers were 
colorless. The methylene chloride was rotary evaporated 
to 10 ml, then placed in a tared vial. The flask was rinsed 
with methylene chloride, and the rinse added to the vial. 
Final evaporation to dryness was done under a stream of 
nitrogen in a water bath at 40°C.
The sediment, in single-thickness cellulose Soxhlet 
thimbles (Whatman), was Soxhlet extracted with chloroform 
(MCB Reagent grade, redistilled) for 16 hours, usually in 
two-8 hour segments. Occasionally some water adhered to 
the anaerobic sediment and was brought out during the 
Soxhlet extraction. This water was separated from the 
chloroform in a separatory funnel and then rinsed with 
fresh chloroform. All the chloroform was then rotary 
evaporated to 10 ml, at which point it was poured into the 
weighed vial containing the dried water-methanol-methylene 
chloride fraction. After the flask was rinsed with 
chloroform, the sample was dried with nitrogen in a water 
bath at 40°C.
Deuteration Scheme— First Trial
. In an attempt to reduce all functional groups to their 
respective hydrocarbons, a deuteration scheme reported by 
Hoering (1971) was attempted. In order to test HoeringTs
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procedure, a mixture of phytol (0.64 g) and octadecane 
(0.19 g, MCB Technical grade) was injected into a previously 
extracted blank aerobic sediment. The sediment was then 
extracted as described above.
The dry extract was refluxed in a three-necked flask for 
6 h hours with 50 ml of 47% hydroiodic acid (Baker Analyzed) 
and 24 g of red phosphorus (Baker). According to Hoering 
this step is to render the extract less tarry. The solution 
was then filtered to remove excess phosphorus, followed 
by neutralization of the filtrate with 5%  potassium 
hydroxide to a pH of 8. This step is necessary because 
ether and water are miscible at low pHs. The organics 
were extracted with ether (MCB Absolute grade, dried over 
sodium wire) in a separatory funnel. The combined ether 
extracts were dried over anhydrous magnesium sulfate 
Baker Analyzed, Reagent grade 1, and then evaporated to 
dryness with nitrogen. The final products weighed 0.89 g.
The products from the above reaction .were dissolved in 
15 ml of sodium-dried ether and slowly added to 0.73 g 
of lithium aluminum deuteride CAldrich, 98$) in 20 ml of 
dry ether (see Vogel, 1966, and Fieser and Fieser, 1967).
This-mixture was refluxed gently with stirring for 30 
minutes following the final addition of the organic 
compounds. The reaction was quenched with 50 ml of
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saturated aqueous aluminum chloride solution. The 
resulting salts were removed by suction filtration and 
the ether evaporated to dryness with nitrogen.
'At this point ketones, aldehydes, and acids should 
have been reduced to alcohols; to reduce these to their 
respective hydrocarbons, both the hydroiodic acid-red 
phosphorus and lithium aluminum deuteride reactions were
i
run again. After these two reactions only 0.02 g of product 
was recovered. The analyses of these products will be 
discussed later.
Deuteration Scheme— Revised
The deuteration scheme described above resulted in a 
monocyclic C^q isoprenoid when attempted with phytol. The 
formation of this compound was probably a result of the 
highly acidic conditions of the hydroiodic acid-red 
phosphorus step. This step is first used to render the 
extract less tarry, but as the extracts here are not tarry, 
the step can be eliminated. Without the hydroiodic acid 
steps, the functional groups are reduced to alcohols with 
lithium aluminum deuteride in one reaction. The alcohols 
are labelled with deuterium, thus allowing identification 
of the original functional groups.
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The amount of lithium aluminum deuteride needed to 
reduce all functional groups found in an extract was 
calculated as follows:
(Xg ext)(mol ext)(mol LiAlD^)(42g LiAlD^)(2g used)_^ LiAlD 
(264g ext)(mol ext )(mol LiAlD^)(g req’d) ^
This calculation assumes that the extract consists totally 
of a C^g isoprenoid ketone, and then a two-fold excess of 
lithium aluminum deuteride is used to carry out the 
reduction. This assumption is reasonable because the C^g 
ketone has been a major product in the aerobic simulation 
experiments of previous researchers (Simoneit, personal 
communication; Brooks and Maxwell, 1973; 3e Leeuw et al., 
1973; Eglinton, 1973; Ikan et al., 1975).
The lithium aluminum deuteride was dissolved in 20 ml 
of sodium-dried ether and boiled gently, with stirring, for 
15.minutes. The extract was dissolved in 20 ml of sodium- 
dried ether; a 10 ml (aerobic) or 5 ml (anaerobic) aliquot 
was then slowly added to the reaction flask through a 
separatory funnel. After slowly adding a 10 to 20 ml rinse 
of the funnel to the flask, the solution was boiled gently 
with stirring, for an additional 15 minutes. Finally, the 
reaction was quenched by the slow (30 minutes or more) 
addition of 40 ml of water; this step was carried out with 
vigorous stirring and no additional heat. The solution
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was filtered and the hydroxides rinsed with water.
Following a separatory funnel separation, the ether fraction 
and rinses were collected in a weighed vial, and evaporated 
to dryness under a stream of nitrogen. The reduced 
extracts were then stored in the refrigerator until analysis 
by GC-MS.
De-Asphalting and Column Chromatography
Prior to the GC-MS analysis of the reduced anaerobic 
extracts, the asphaltic material was removed and the 
remaining sample separated into saturate, aromatic, and 
nitrogen-sulfur-oxygen (NSO) fractions using the following 
procedure. The extract was dissolved in minimal 
petroleum ether (Mallinkrodt) and allowed to sit overnight 
to insure complete dissolution. The solution was then 
filtered and the asphaltic material rinsed with petroleum 
ether. The petroleum ether was set aside for column 
chromatography while the asphaltics were removed from the 
funnel with chloroform-methanol (9:13 v:v; Mallinkrodt, 
redistilled); this fraction was collected and dried in a 
tared vial.
The petroleum ether fraction was added to a 0.5 cm x 
20 cm activated alumina (MCB F-20), silica gel (MCB, 28 
to 200 mesh; 1:1, v:v) column and the saturates eluted
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with 40 ml of petroleum ether. The aromatlcs were eluted 
with 40 ml of toluene (Mallinkrodt Reagent grade, 
redistilled). The NSO fraction was removed from the column 
with chloroform-methanol. The last three fractions were 
collected in tared vials and dried under reduced pressure.
Pheophytin-a Analysis
Sediment and water samples were analyzed by J . W.
Louda at Florida Atlantic University for their porphyrin 
content and composition. The procedures are presented 
here; the results are dicussed later.
All work done with samples containing porphyrins was 
carried out under subdued yellow light to prevent photo­
chemical alterations. All samples and extracts were stored 
under nitrogen in a dark freezer. Analytical grade 
solvents (Mallinkrodt Reagent grade) were redistilled in 
an all-glass system prior to use. Diethyl ether was allowed 
to stand overnight over basic alumina (Merck) to remove 
peroxides; the ether was distilled immediately after 
filtering, and was used within three days.
Water samples were filtered through a 25 - 50 micron 
sintered glass Buchner funnel to remove particulates. The 
aqueous filtrate was then extracted three times with an 
equal volume of ethyl ether:benzene (1:1, v:v). The
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combined extracts were evaporated in a Buchi rotary 
evaporator; the water bath temperature was kept at 
40 - 50 °C. The extract was transfered to an 125 ml flask 
with acetone and taken to dryness with oxygen-free nitrogen 
in a water bath at 40 - 45 °C. The extract was then taken 
up in a known volume of peroxide-free ether and the 
electronic absorption spectrum recorded.
Sediment samples were stirred with a glass rod and 
two aliquots were taken for dry weight determinations.
The remaining sediment was weighed to obtain a wet weight. 
The sediment, two times the volume of the sediment of 
acetone:methanol (9:15 v:v) and a Teflon coated magnetic 
stirring bar were then placed in a flask; the resulting 
mixture was stirred for one hour. After filtering, 
fresh solvent was added and the sediment was extracted 
four more times. On the sixth extraction, the solvent was 
changed to acetone benzene (1:1, V:v); extraction continued 
until the extracts were colorless and showed no chlorin-like 
(i.e. red to pinkish) fluorescence when checked with a 
hand-held UV light ( A = 254 nm). The extracts were pooled 
and evaporated as above. The extracts were then taken 
up in ether to record the electronic spectrum.
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Gas Chromatography-Mass Spectrometry Analysis
The saturate and NSO fractions were analyzed on a 
Finnigan 4023 gas chromatograph-mass septrometer3 with a 
Hewlett Packard 25 meter methyl-silicon-coated fused-silica 
capillary column. The unit was temperature programmed 
from 60 to 260°C at 8°C per minute. Other column 
conditions were as follows:
injector temperature: 270°C
mass spectrometer source temperature: 250 C 
head pressure: 30 psi.
The data were collected and processed by an Incos Data
System.
The deuteration products formed in testing the hydro­
iodic acid-red phosphorus-lithium aluminum deuteride schemes 
were analyzed on a Kratos MS-30 gas chromatograph-mass 
spectrometer. Samples were injected onto a 12.5 m x 0.2 mm 
OV-101 wall coated, open tubular column. The instrument 
was programmed to heat the column from 60 to 260°C at a 
rate of 4°C a minute. Other column conditions were:
injector temperature: 250°C
glass jet separator temperature: 270 C
head pressure: 29 psi.
The data were collected and processed with a DS-50S Data
System.
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RESULTS AND DISCUSSION 
Column Set-up and Incubation Measurements
During the incubation of the simulation columns, 
problems were encountered in the column design which had 
some effect on the final outcome of the experiments. The
most obvious problem was the rapid loss of water from the
aerobic columns. This problem was brought on by the 
poor seal between the glass tube and the aluminum foil- 
wrapped rubber stopper, as well as the evaporation of water 
due to the high air flow. Adding vacuum grease to the 
seals stopped the leaks, while the addition of a humidifier 
to the air line slowed down the rate of evaporation. The
liquid leaking out the bottom of the columns did not 
have a discernable odor nor an oily feel, indicating that 
it was not phytol. Phytol is also not volatile enough to 
vaporize appreciably at column temperature. Pheophytin-a, 
being a solid, merely precipitated as the decalin used as 
a solvent evaporated, so it too was not lost. Even though 
the components of interest were not lost, leaks and 
evaporation should be kept at a minimum in future studies; 
how this might be accomplished is discussed in the 
Recommendations section.
Because aluminum foil-wrapped rubber stoppers and 
glass do not form good seals, the stoppers were epoxied
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into the bottom of each column used for the anaerobic 
simulations. Water did not leak out of the system, 
but air leaked in, as was apparent when cracks were found 
in the balloons used to detect the presence of gases being 
given off. Positive Eh values confirmed the presence of 
oxygen at the sediment-water interface. Because of the 
cracks in the balloons and the positive Eh values, a second 
set of anaerobic simulation columns were set-up, as 
described previously. The Eh measurements on the water and 
the sediment of these columns showed a general decline, but 
again, it was apparent that air was getting in. This places 
some doubt on the validity of calling these set-ups 
anaerobic. Because of the presence of oxygen, it is likely 
that the products are not a result of the utilization of 
the phytol or pheophytin-a molecules by anaerobic bacteria. 
Facultative bacteria, which can live with or without 
oxygen, could have caused some of the transformations, 
however. As with the aerobic system, a new column set-up, 
designed to insure that the system stays oxygen-free so 
that products formed can be attributed to the reducing 
environment or to the anaerobic bacteria, is presented 
in the Recommendations section.
Bacteria counts taken on the column water during the
simulation experiments are tabulated in Appendix II. For
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the most part, growth followed the expected trend— rapid 
initial growth to a maximum, usually within five to ten 
days, followed by a slow decline in the number of colonies 
— as shown in Figures 12 - 14. Columns without nutrients 
showed the general trend, but growth was not as great as 
in the columns containing glucose and yeast extract as 
nutrients. Columns containing mercuric chloride had an 
initial high bacteria count, which fell within a week 
to less than 10 , the lower level of detection for the 
dilutions used.
Bacteria counts were made on samples from the sediment 
during the final days of incubation of the second anaerobic 
system. In columns containing mercuric chloride, bacterial 
growth that had not been found at the sediment-water 
interface was suddenly found to be abundant merely 2 cm 
below the interface. A mercuric chloride assay revealed 
that the mercuric chloride level in the sediment was 
significantly lower than in the water. The conclusion, 
therefore, was that the mercuric chloride was not mixed 
into the columns, and if the bacteria were growing in 
the sediment, the column could not be used as a control.
This’meant that it was not possible to distinguish between 
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Figure 12. Aerobic bacteria counts vs time.
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.Figure 13. Anaerobic bacteria counts vs time,
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Figure 14. Anaerobic bacteria counts vs time, 
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The mercuric chloride may have been an effective 
bacteriocide in the other two sets of columns. Mercuric 
chloride and aluminum foil react to give free mercury 
and hydrogen gas quite spontaneously. This was first 
observed when the original set of anaerobic columns 
were shaken to mix; significant gas was generated, blowing 
off the top stoppers and destroying the aluminum foil.
This same reaction apparently took place at the bottom 
stoppers, because when they were removed at the end of the 
experiment, the aluminum foil had been eaten away. The 
aluminum foil was also destroyed in the bottom of the 
aerobic columns. The destruction of the aluminum foil at 
the bottom of the columns indicates that the mercuric 
chloride had been dispersed through the column at one time, 
and could, therefore, have acted as a bacteriocide.
The pH measurements, tabulated in Appendix II, showed 
no consistent trends except in aerobic columns containing 
mercuric chloride. In these columns, pH decreased as much 
as two units between 19 and 78 days, as shown in Figure 15. 
The decrease Is probably due to the formation of hydrogen 
Ions in the reaction between mercuric chloride and the 
aluminum foil; free mercury would also be formed in 
this reaction. The lowered pH and the release of free 
mercury had an adverse affect on the degradation of
T-2389 56
A E R O B I C  P H  V S  T I M E
M E R C U R I C  C H L O R I D E  C O L U M N S  7 C ,  8 C  A N D  I O C
•M
IOC
56 7626 36 46
T I M E  ( D A Y S )
Figure 15. Aerobic pH vs time.
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pheophytin-a, as will be discussed below.
Eh measurements, which are tabulated in Appendix II, 
on the water of the original set of anaerobic columns 
showed a general increase with time, rather than the 
expected decrease (see Figure 16). This rise was probably 
caused by atmospheric oxygen leaking into the column. The 
positive Eh values, were the primary basis for setting up 
a second series of anaerobic columns. Eh measurements on 
this second set showed a general decrease with time as 
shown in Figure 17. The Eh values for the sediment-water 
interface show the most rapid decrease, but do not ever go 
negative as would be expected in a reducing environment. 
The top 2 cm of phytol-containing sediment, however, went 
negative within 14 days. Measurements taken in the bottom 
of the sediment indicate that the column bottoms 
were reducing throughout the simulation experiments.
A strong H^S odor was detected each time a column was 
opened. Because organic-rich systems "may be poorly 
poised due to an absence of oxidized species" and because 
bacterially mediated reactions affect Eh measurements 
(Langmuir, 1971)> the H^S odor Indicates that the entire 
sedimentary system could have been reducing, even though 
the Eh measurements were positive in the top part of the 
sediment.
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Figure 17. Anaerobic sediment Eh vs time.
T-2389 60
Deuteration Reactions
Deuteration of the simulation products was chosen as 
a unique method of analyzing functional groups without 
having to use column chromatography before the GC-MS 
anaylsis. Unfortunately, the deuterations as described 
previously did not work well.
The first deuteration scheme, in which hot hydroiodic 
acid was used, was too strong a reaction for phytol.
During the first acid reaction, a C^q monocyclic isoprenoid 
was formed as a product. After the complete deuteration, 
this isprenoid was found to be the major product; phytol 
was not present in the final mixture. The monocyclic 
isoprenoid formed shows the same fragmentation pattern as 
a C^0 monocyclic isoprenoid found in a DSDP core by 
de Leeuw et al. (1975); the mass spectum is shown in 
Figure 18.
Because the deuteration scheme dimerized phytol rather 
than reducing functional groups to their respective hydro­
carbons, the deuteration scheme was modified slightly. Pre­
liminary work with the reduction to alcohols, using lithium 
aluminum deuteride, showed that benzoic acid, benzophenone, 
and palmitic acid were reduced to their respective alcohols, 
while phytol was unaffected. Though the molecular 
ions were often difficult to identify, the mass
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spectra of the compounds had the predicted fragmentation 
patterns for alcohols containing the appropriate number of 
deuterium atoms. Based on this preliminary work, fractions 
of each extract were subjected to the second deuteration 
scheme presented earlier.
GC-MS Analysis of Deuterated Samp1es
Analysis of the deuterated 1D1-NS0 fraction revealed 
the presence of two very interesting compounds. The major 
components of the sample were two isomers with a base peak 
at m/e 85 and an apparent molecular ion at m/e 295; these 
compounds have been nicknamed "295 molecules /’* The odd 
molecular ion would indicate the presence of nitrogen in 
the compounds, but the mass spectra (Figure 19) show no 
other evidence for this. The compounds could also 
contain deuterium, but, again, the spectra do not 
indicate this. It is therefore believed that the 295 peak 
resulted from a loss of a methyl group; the molecular ion 
would then be 310. Attempts to identify this molecule, 
based on a 295 or 310 molecular ion have been unsuccessful.*
If the "295 molecules” were present in the original 
sediments their presence in the other extracts could be
*A tentative identification of the "295 molecules" 
is discussed in Appendix III.
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accounted for. However, these compounds were not found in 
the original sediments, but were always present in extracts 
from phytol containing columns. They were also found as 
minor components of a sample of phytol that had not been 
subjected to deuteration. Two possible mechanisms seemed 
to explain the presence of these compounds:
1) bacteria utilized the phytol, preferentially 
concentrating the ”295 molecules;” or
2) the deuteration reaction had some how increased 
the relative concentration of the compounds.
This second explanation seemed to be proved true when the
undeuterated 1D1-NS0 fraction was found to contain the
”295 molecules" as minor components (Figure 20). The first
explanation, however, seemed to hold for undeuterated
samples of 3D1, 3D2, and 10C, all of which contained the
"295 molecules” as major components. To further complicate
matters, the deuterated samples of 3D1, 3D2, and 10C
contained only minor amounts of these compounds. Table 6
shows the occurrences of the "295 molecules" in these
samples.
The variable presence of the "295 molecules" needs to 
be explained, even though the structure is not yet known. 
Several possible explanations, together with rebuttals for 
each, are presented here; they are listed in the sequential 
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PRESENCE OF THE "295 MOLECULES” IN SEDIMENT EXTRACTS
Extract "295 molecules" Phytol










M = major; m = minor
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1) The "295 molecules" were originally in the phytol. 
This is true, but does not explain why they increase 
relative to phytol in some samples by an order of 
magnitude or more.
2) The "295 molecules" were derived from phytol during 
incubation or sample work-up. This is highly likely
as they are originally in the phytol. Knowing how phytol 
was made and what impurities were formed in this 
process might help to determine why the "295 molecules" 
are more abundant in certain situations. Aldrich will not 
divulge this information.
3) The compounds were a result of an inhomogenous 
sample. As phytol is a liquid, any impurities in it 
should be equally distributed; therefore, inhomogeneity 
in the phytol is unlikely. Only portions of sediment in 
each anaerobic column were analyzed, therefore,
it may have been possible for phytol or its impurities 
to be concentrated. This does not explain, however, 
why the ”295 molecules" increase in the deuterated 
anaerobic sample (R1D1); it also does not explain 
why the compounds decrease in the deuterated aerobic 
samples. Inhomogeneity of the sample could also occur when 
the dry extract is put into solution. This seems unlikely 
though, as two samples of 1D1 were subjected to column
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chromatography at different times, and later both gave 
the same GC-MS results.
4) Different bacteria in the two sediments caused the 
variable occurrence of the "295 molecules." The 
aerobic sediment may have contained a strain of 
bacteria that concentrated the molecules while the 
anaerobic sediment was devoid of the bacteria. This
does not explain, however, why the compounds decreased 
in the deuterated aerobic samples, but increased in the 
deuterated anaerobic samples.
5) The "295 molecules" were formed or concentrated 
during extraction. This is unlikely as two separate 
samples of phytol that had not been subjected to 
extraction contained these compounds.
6) The compounds were formed or concentrated during 
deuteration. This occurred in 1D1, but in three other 
samples the "295 molecules" decreased upon deuteration.
7) Deasphalting or column chromatography caused the 
formation of the "295 molecules." Another unlikely 
possibility, as the phytol standard and the aerobic 
samples did not go through this procedure. Also 
unlikely as deuterated and undeuterated samples of 1D1 
showed different amounts of the "295 molecules," even 
though both samples: were subjected to column chromatography.
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8) The ”295 molecules” were formed during GC-MS. This 
may be possible, but the occurrence appears to be too 
random for this to be the answer.
From the preceeding list it is apparent that there 
is not an explanation that satisfactorily explains the 
presence of the "295 molecules" in each of the 1D1, 3D1,
3D2, and 10C samples.
Degradation Products
During the inspection of the mass spectra for the 
deuterated 1D1-NS0 fraction, undeuterated ketones and 
aldehydes were identified. Because these compounds were 
to have been reduced to alcohols, their presence was 
somewhat surprising. The original reason for deuterating 
the extracts was to reduce all functional groups to 
deuterated hydrocarbons that could easily be analyzed and 
identified. This scheme was changed, however, so that 
the functional groups were reduced to alcohols. To simplify 
the analysis of the resulting complex mixtures, it was 
now necessary to subject the anaerobic extracts to column 
chromatography— a step in the analysis we had hoped would 
not be necessary. Following column chromatography of 
the undeuterated extracts, the saturate and NSO fractions
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were analyzed by GC-MS for isoprenoidal structures. The 
results of these analyses are discussed here; sample gas 
chromatograms and mass spectra are found in Appendix IV.
The extracts from aerobic columns 3D1, 3D2, and IOC 
contained 2-phytene and the C^g ketone 6,10,14-trimethyl- 
pentadecanone as major components (Table 7). The C^g 
ketone was the only isoprenoid found in the blank sediment 
(5C). Because the concentration of the ketone was greatest 
in the blank sediment, it is felt that its occurrence 
in the diagenesis columns was not due to degradation of 
phytol, but is indigenous to the sediment used. The 
presence of 2-phytene in both the diagenesis (3D1 and 3D2) 
and control (IOC) column extracts indicates that its 
formation is not a result of bacterial degradation of phytol.
The "295 molecules" were also found as major components 
in the aerobic extracts; it is not clear if these compounds 
were produced as a result of the simulation experiments 
as discussed earlier. Phytol was found as a minor component 
in the aerobic samples. This loss of phytol could be 
attributed to several things:
1) a loss through leaking, though this was not 
apparent, as discussed earlier;
2) a loss to the formation of the "295 molecules," 
which increased as phytol decreased; or
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TABLE 7
lPHYTOL DEGRADATION PRODUCTS IN THE AEROBIC EXTRACTS
Extract Phytol C.g ketone 2-phytene "295 molecules"
3D1 3.1 oni—i 16. 2 23 .1
R-3D1 55.0 - - 8.3
3D2 6.3 10.5 17.5 2,6.1
R-3D2 77.6 - - 3.7
10C 1.8 17.6 10.7 10.3
R—10C 27.6 - - 6.6
5C(blank) - 17. 6 - -
Phytol 76.9 1.2 0.6 4.1
1Expressed as a percentage of the area between 800 and
1200 scans on the reconstructed ion current vs time
chromatogram.
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3) an inhomogenous sample, as In the case of IOC, 
where half the column sediment was sent off for 
porphyrin analysis.
As discussed earlier, these explanations do not hold true
when the deuterated samples are subjected to GC-MS analysis.
The products found in the aerobic extracts do not 
appear to be the result of bacterial degradation of phytol. 
The C^g ketone was originally in the sediment and has been 
diluted in the columns.containing phytol by the phytol.
The olefin 2-phytene is present in both the control and 
diagenesis columns and is thought to be produced 
by non-biological reactions. The large quantities of the 
"295 molecules" and the corresponding low abundance of 
phytol have not been explained, as discussed previously.
The GC-MS analysis of the anaerobic extracts presented 
a few surprises. Because of the apparent non-reducing 
nature of these columns, as already discussed, reduced 
phytol degradation products were not expected to be 
present in large quantities. The systems, however, appear 
to have been somewhat reducing, as phytadienes, 2-phytene, 
phytane, and 1-pristene were found in the extracts; 
these results are given in Tables 8 and 9*
• The NSO fractions of the anaerobic extracts contain 
the same C^g ketone that was found in the aerobic extracts. 
Once again this was the only isoprenoid found in the
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TABLE 8
PHYTOL DEGRADATION PRODUCTS IN THE ANAEROBIC EXTRACTS
l
— NSO FRACTIONS
Extract Phytol C-̂ g ketone "295 molecules"
1D1 65.3 2.2 5.1
R-1D1 6.2 - 27.3
1D2 5.8 0.2 0.7
9C 43.5 2.6 9.7
20 74.9 2.2 5.2
40 65.4 2.1 5.5
HNP 59-5 2.2 7.1
Sediment Blank - 5-3 -
Phytol 76.9 1.2 4.1
1Expressed as a percentage of the area between 800 and




PHYTOL DEGRADATION PRODUCTS IN THE ANAEROBIC EXTRACTS
1—  SATURATE FRACTIONS
EXTRACT 2-phytene pristene phytane phytadienes
1D1 4.0 - 3.1
ID 2 5.0 - 3.3 7.0
9C 5.2 - 3.3
20 9.9 - 5.1 23.0
40 15.5 1.3 3.2 21.7
HNP 15.4 0.9 7.1 19.9
Sediment Blank - - - -
Phytol 0.6 - - 1.1
lExpressed as a percentage of the area between 75P and
1100 scans on the reconstructed ion current vs time
chromatogram.
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original sediment,and was present in a greater percentage 
than in the anaerobic simulation extracts. The porphyrin 
analyses of the blank sediment showed the presence of 
several oxidized chlorophyll derivatives (Louda, personal 
communication), therefore, it is believed that the organic 
matter was originally deposited in an oxidizing environment 
and has been transported to the sediment collection site. 
Because the C^g ketone has been found in previous anaerobic 
simulations (Brooks and Maxwell, 1973)3 its presence in the 
anaerobic sediment used could be a result of anaerobic 
bacteria, and not an oxidizing environment. However, 
its low abundance in the phytol-containing columns relative 
to its abundance in the blank sediment indicates that it 
was present as original material and not as a result of 
bacterial degradation.
The saturate fractions of the anaerobic extracts 
contain the same phytol degradation products that other 
researchers have found in simulation experiments. Phyta­
dienes are probably formed via the allylic carbocation 
reaction shown in Figure 5 (de Leeuw et al., 1973). 
Hydrogenation of the double bonds would lead first to 
phytene and then to phytane (Blumer and Snyder, 1966;
Didyk et al., 1978). It has been proposed that phytol is 
first reduced to dihydrophytol then to phytane (de Leeuw
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et al., 1973; Didyk et al., 1978; Ikan et al., 1975).
Didyk et al., (1978) suggest that pristene is formed from
phytenic acid, an oxidized degradation product of phytol.
The absence of dihydrophytol and phytenic acid in the NSO 
fractions does not disprove these theories. These compounds 
may be present in very small amounts below the level of 
detection used, or may have already been destroyed to form 
phytane and pristene.
The GC-MS traces for each saturate fraction can be 
superimposed with only minor differences occurring (the 
percentages given in Tables 8 and 9 also show this). It, 
therefore, appears that bacterial action and other processes 
did not affect the composition of the degradation products 
after twenty days.
In summary, the results of the GC-MS analyses indicate 
that little or no change took place in any of the samples 
after twenty days. The aerobic samples contained a C^g 
ketone and 2-phytene. The anaerobic samples contained 
these same compounds as well as several reduced isoprenoids 
that could have been a result of phytol degradation.
For the most part, however, because phytol was the major 
component found, it appears that the bacteria did not use 
phytol as a nutrient or food source.
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Pheophytin-a Degradation Products
The pheophytin-a degradation products were extracted 
and analyzed by J. W. Louda at Florida Atlantic University, 
as described ealier. The results of the extraction are 
given in Table 10. Preliminary determination of tetra- 
pyrrole structures was done with UV/VIS spectroscopy; 
these results are discussed here.
Extracts from the aerobic control samples DEC, 5C, 
and 6C all contained very similar pigments which probably 
reflect the initial pigment characteristics of the Black 
Hills sediment used. The second derivative spectra of 
a shoulder at 690-695 nm on the ’red’ side of the band I 
adsorption revealed an underlying peak at 696 nm. This 
peak is highly indicative of purpurin-l8 (Figure 2). 
Previous studies by Louda (personal communication) had 
indicated that purpurins -18 and -7, chlorins -e^ and -P^> 
and pheophorbide-a (see Figure 2 for structures) might be 
expected in these sediments.
The crude extracts from the mercuric chloride aerobic 
columns 7C, 8C, and 10C show a chlorin red (band I) maximum 
at approximately 657 nm. Sample 10C, which also contained 
pheophytin-a, exhibited a pronounced 652 nm peak and Soret 
adsorption was shifted bathochromically to approximately 
4l4 nm. Louda (personal communication) believes the shift
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TABLE 10




















sediment — 15.74 15.74 —
2D1 124 . 2 139.94 162.01 22.07
2D 2 117.16 132.90 119.32 -13.52
2D3 129.89 145.63 288.97 143.34
2D 4 130.91 146.65 80.25 -66.40
9C 112.73 128.47 160. 4 31.93
Aerobic columns
5C(blank) - 0.52 0.52 -
4D1 111.12 111.64 9.36 -102.28
4D2 97.72 98.27 24 .58 -73.69
4D3 71.5 72.02 33.68 -38.34
4d 4 93-75 94.27 6.42 -87.85
IOC 90.0 90.52 12. 63 -77.89
1As determined by J. W. Louda, 1980, personal 
communication.
T-2389 80
in this sample was due to production of metallo-chlorins. 
The formation of these chlorins may have been brought on 
by the low pH in the column, which, as already discussed, 
was a result of the mercuric chloride. This lowered pH 
allowed complexation of the pheophytin-a molecule with 
copper or zinc present as oxides on the stream rocks. 
Mercuric chlorins are not expected as they are quite 
difficult to form due to size limitations in the tetra- 
pyrrole molecule. Further analyses will be needed to 
determine the specific chlorins present.
The pigment extracts from aerobic diagenesis experi­
ments (samples 4D1, 4D2, 4D3, and 4d 4) contained primarily 
the added pheophytin-a. A large purpurin shoulder at 
approximately 695 nm in the 4d 4 extract is of particular 
interest in these samples. Further work needs to be done 
to identify this as an experimentally derived compound.
Analysis of the pigment extracts from the anaerobic 
samples showed only the presence of the original pigment 
assemblage and the added pheophytin-a. There are, however, 
two items of interest concerning these samples. Samples 
1C, 2C, 3C, and 4C appear to have gained pigments during 
the -simulation experiments; this gain may be a result 
of an inhomogenous sediment. Sample 9C, which contained 
mercuric chloride and pheophytin-a, does not have the
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metallo-chlorins found in column IOC. This is probably 
because of the approximately neutral pH, as compared to 
the low pH found in the aerobic column.
The results of the UV/VIS spectroscopic analysis 
presented here do not give any clues as to the timing 
of the release of phytol from the pheophytin-a molecule. 
Louda plans to carry out field desorption mass spectroscopy 
on several samples to better identify the degradation 
products. The results of these analyses, which will be 
presented in a future work, should allow us to determine 
when phytol is released in the breakdown of pheophytin-a.
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CONCLUSIONS
This study was designed to distinguish between the 
abiological and biological degradation products of phytol 
and pheophytin-a under aerobic and anaerobic conditions. 
Problems encountered with the simulation column design and 
with bacterial growth in control columns prevented this 
distinction from being made. The following conclusions, 
however, can be drawn:
1) Phytol was degraded.
2) Pheophytin-a was not degraded significantly except 
in the three aerobic columns containing mercuric chloride. 
Metallo-chlorins (Cu and Zn, but not Hg) were formed in 
these columns.
3) The C^g isoprenoid ketone found in all the extracts 
was probably indigenous to the sediments used.
4) The 2-phytene found in the aerobic extracts was
probably formed via abiological reactions.
5) Phytane, 2-phytene, and 1-pristene in the anaerobic 
extracts could have been formed either by biological or 
abiological reactions.
6) The "295 molecules" discussed in the text, and 
tentatively identified as lactones in Appendix III, were 
found in deuterated and undeuterated extracts from phytol 
containing columns. Because the ratio of the deuterated
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”295 molecules" to the undeuterated "295 molecules" in 
an aerobic sample is the approximate inverse of the ratio 
in an anaerobic sample, a single cause for the formation 
of these molecules cannot be proposed.
7) Eh was not a reliable indicator or reducing 
conditions because of the large amount of organic matter, 
bacterially mediated reactions, and clay-electrode 
interactions. The smell of H^S in the anaerobic columns 
was a much better indicator of reducing conditions.
8) Mercuric chloride was not an effective bacterio- 
cide in this study.
New column designs and set-ups to alleviate the 
problems encountered with the column design and bacterial 
growth in the control columns are discussed in the next 
section. Use of the new columns should provide useful 
information concerning the degradation of organic compounds.
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RECOMMENDATIONS 
During the course of this study, many problems were 
encountered; this section is aimed at presenting possible 
alternatives to alleviate some of these problems. The 
major area of trouble was the basic simulation column 
design and set-up. Other difficulties were encountered 
during extraction and deuteration. The complexity of the 
system presented additional problems.
Column Design
The first problem encountered with the aerobic column 
design was the presence of leaks through the poor seal 
formed between the bottom aluminum foil-wrapped stopper 
and the glass column (Figure 8). Applying vacuum grease 
to this seal stopped most of the leaks. A better column 
design was developed by J. Horvath (personal communication) 
Horvath's columns were sealed at the bottom so that a 
large test tube was formed. In order to have air bubbling 
through the sediment, a long glass tube was placed in the 
column as shown in Figure 21. Horvath's columns were free 
of leaks for the sixty days of use.
• Early in the aerobic simulation experiment, it was 
realized that part of the water loss was due to evaporation 






Figure 21. Aerobic column designed by Horvath.
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air line as an humidifier; fewer additions of water were 
now necessary to maintain a constant volume. The high air 
flow also added to the evaporation of water; to control 
this flow stopcocks were added to the air line. Water 
loss was again reduced significantly. Both of these 
improvements were incorporated into Horvath’s aerobic 
simulation columns; water loss was at a minimum throughout 
the sixty days of incubation (J. Horvath, personal communi­
cation) .
In setting up the first set of anaerobic columns, 
the bottom aluminum foil-wrapped stopper was epoxied into 
place prior to column set-up; only minor leaks occurred.
The second set of anaerobics was set up in glass-sealed 
tubes to avoid loss of water out the bottom. The major 
leak in the anaerobic columns, however, was air getting 
in rather than water getting out. This problem was partly 
solved in the column design employed in the second anaerobic 
column set-up described previously (see Figure 11).
To solve the problem of air leaking in, a new, untested 
column design is proposed and is shown in Figures 22 
and 23. The main container is glass, for ease in seeing 
electrodes and syringe needles during measurements; the 
container could also be metal with a glass window. The 
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Figure 22. Proposed anaerobic column design— cross section.
T-2389 88
E l e c t r o d e s
C o lum n
D i a m e t e r
P r e s s u r e  Gcmge
Valve
Bolts (6)
S e p t a  (4)
L id  E d g e
Figure 23. Proposed anaerobic column design— top view.
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six holes to accomodate tightening bolts. The lid is 
metal, with four septa (one for electrodes, one for the 
syringe needed to remove samples for bacteria counts, and 
two extras for any unforeseen circumstances), and a 
pressure gauge/inlet valve/release valve assembly.
In this system, sediment (previously homogenized with 
additives, bacteria cultures, and water, as described below) 
would be added to the column. After thorough stirring, the 
l0 T ring and lid would be put on and tightened in a 6-point 
star system. To minimize the amount of oxygen in the 
system, nitrogen would be run through the inlet valve/ 
release valve for one hour; the release valve would then be 
shut and the pressure allowed to increase to 2 psi. By 
thus pressurizing the system, gases should only leak out of, 
not into, the column. If the pressure begins to build up, 
it can be released through the release valve.
Measurements of pH and Eh should be taken at the 
sediment-water interface and at various depths within 
the sediment using a moveable set of micro-electrodes.
These electrodes could be inserted through a septum and 
slowly lowered through the column to take measurements.
The holes needed in the septum are only slightly larger than 
those made by a size 18 syringe needle, and should not leak 
when the electrodes are in place. The positive pressure
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maintained in the container should insure that gases are 
only leaking out through these holes. If the holes in the 
septum become too large because of heavy use, another 
septum could be used to seal the first, one of the extra 
septa could then be put into use.
An alternative to the moveable electrode is a 
permanently fixed electrode. Two sets of electrodes per 
column would be necessary— one set at the sediment-water 
interface and another in the sediment. These electrodes 
could be micro-electrodes set into two septa or regular 
laboratory electrodes set into several septa.
Samples for bacteria counts can be taken with a 
syringe. The samples can easily be taken from the water, 
the sediment-water interface, or the sediment merely by 
lowering the syringe through a septum. Bacteria counts 
would be made as described' earlier.
An advantage to this system is the ability to take 
samples of any gases formed. To accomplish this, a syringe, 
capable of withstanding slight pressures, would be inserted 
through a septum and a gas sample removed. The gases would 
then be injected directly into a gas chromatograph for 
analysis.
The new anaerobic column design also has the following 
advantages:
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1) The system is completely sealed, and thus 
leak free.
2) Positive pressures can be maintained to 
insure that air does not leak in.
3) Eh measurements can be made without first 
exposing the system to oxygen.
If these advantages are acheived the system will be an
improvement over those already employed.
Column Set-up
As part of the original column design it was decided 
that unextracted natural sediment should be added to the 
column, followed by the addition of organic compounds and 
water with additives. This system worked well for the 
aerobic columns since the sediment was relatively free of 
organics and coarse enough that all the additives flowed 
easily through the system. The anaerobic system, however, 
was rich in organics and too fine-grained for the additives 
to be evenly dispersed; the net result was inhomogeneity 
within a column as well as within the set of columns.
To alleviate the inhomogeneity, the pre-extraction 
of organics from the anaerobic sediment prior to column 
set-up is recommended. Before extraction, the sediment 
should be homogenized in a blender;-a portion of the 
sediment should then be set aside for the culturing of
T-2389 92
bacteria as discussed below. The remaining sediment 
would then be extracted with chloroform to remove all 
organics. After extraction, the sediment should be 
sterilized by autoclaving. After re-homogenization, 
the sediment is ready for column set-up.
To maintain homogeneity, the sediment and additives 
should be mixed in large batches prior to column set-up, 
as shown in Figure 24. As the bacteria were killed during 
pre-extraction or autoclaving, the use of mercuric 
chloride is no longer necessary. The mercuric chloride 
columns are replaced with those containing pre-extracted 
sediment but no bacteria culture. Because the bacteria 
were killed, it is necessary to add a bacteria culture to 
the sediment that will be used in the diagenesis columns.
The bacteria culture is made from the sample of 
original unextracted sediment that was set aside before 
extraction. This sediment is homogenized in a blender 
then added to the extracted sediment as shown in Figure 24. 
In this step some organics are added to the sediment, but 
in such a low concentration that the phytol/pheophytin-a 
degradation products will be predominant. After the 
addition of nutrients, it would probably be best to incu­
bate the sediment for several days at 28°C to allow the 
bacteria to grow and spread throughout the sediment. The
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control sediment should also be incubated to insure that 
bacterial growth is not taking place.
Bacteria from the sediment could be cultured on various 
culture media prior to their addition to the sediment, but 
the resulting bacterial mixture is not apt to be the same 
as that encountered in the original sediment. For this 
reason it is recommended that some of the original sediment 
be saved to "inoculate" the extracted sediment.
After incubation of the sediment, phytol, pheophytin-a, 
or both, are added according to the scheme shown in 
Figure 24. Each sediment batch is homogenized once again. 
The sediment is now ready for column set-up, as described 
previously.
The pre-extraction scheme is designed to insure 
homogeneity within a column, as well as between columns.
This should help to eliminate the chances of finding far 
more pheophytin-a/phytol in a column than was originally 
placed there. As the sediment has been pre-extracted, 
the columns should all now contain identical sediment 
samples, rather than possibly containing micro-environments 
that were present in the original sediment.
The pre-extraction of the sediment has two main 
advantages over the use of unextracted sediment. The 
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mercuric chloride as a bacteriocide. The addition of 
mercuric chloride in the original column set-up helped to 
bring about the formation of metallo-porphyrins. As 
mercuric chloride would not be present in a natural 
system, it is best to leave it out of a simulation if at 
all possible. The second advantage is the simplification 
of the anaerobic system. By removing the indigenous 
organics, identification of phytol and pheophytin-a 
degradation products is greatly simplified. At a later 
date, there may be a reason to examine the indigenous 
compounds and their effect on the degradation of phytol 
and/or pheophytin-a, but at present the identification of 
indigenous organics is not important.
Extraction
Soxhlet extraction of phytol resulted in the 
degradation of the phytol molecule to dienes. The heat 
(45°C) involved in the Soxhlet extraction is believed to 
be the cause of this degradation. This belief stems from 
work done by de Leeuw et al., (1973)3 where phytol, in the 
presence of montmorillonite, at 60°C degraded to phytadienes. 
As phytol was reduced to phytadienes during extraction, 
even in the absence of clays, heat appears to be a major 
contributor to the breakdown of the molecule.
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In the event that Soxhlet extractors are used again, 
non-organic thimbles made of fiberglass or porcelain, rather 
than cellulose, thimbles should be used. The former types 
of thimbles have the advantage of being able to be cleaned 
merely by heating at 400°C for several hours (King, 
personal communication; Webb, personal communication). 
Fiberglass thimbles can only be used twice before they 
begin to fall apart (King), but porcelain thimbles can be 
used indefinitely (Webb). Unlike fiberglass and porcelain 
thimbles, cellulose thimbles cannot be pre-extracted; 
therefore, the extracted sample becomes contaminated with 
cellulose, binder, and other organics from the thimble.
Although the thimbles added contaminants to the 
extracts, the primary recommendation is that heat be avoided 
in the extraction procedure. Previous researchers have used 
ultrasonics without any degradation occurring to the phytol 
molecule (Cox et al., 1972; de Leeuw et al., 1973; Maxwell 
et al. 1972). The disadvantage is the added time necessary 
to completely extract a sample. This time, however, is a 
minor consideration when degradation of phytol can be 
eliminated in the extraction procedure.
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SimpIffication of the System
The simulation systems used in this study were far too 
complex. The system should be made as simple as possible by 
using only one pre-extracted sediment type and one sterile 
water type. Because phytol is believed to be the major 
precursor of isoprenoids found in oils and in recent and 
ancient sediments,and is also considered a biological 
marker, it would be ideal to use a sediment from a locality 
where phytol would be deposited. Marine algae and photo­
synthetic bacteria are major phytol sources; therefore, a 
marine sediment, which could later become.an oil source 
rock, would be ideal for these experiments. If a marine 
sediment is used it makes sense to also use seawater.
Obviously, It is not possible to use the same bacteria 
for both aerobic and anaerobic experiments. Both kinds of 
bacteria could, however, be cultured from marine sediments 
(one aerobic and one anaerobic), as described above, and 
then added to one of the extracted sediments from which they 
were cultured.
Once the simple system is understood, more complex 
systems could be studied. These studies might include 
different sediments and water types, or the effects of 
complex organic mixtures on the degradation of one organic
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molecule. It may also be interesting to start out with an 
aerobic system, and gradually make it anaerobic.
Continued Study
I feel that further studies on the early degradation of 
phytol are important. If phytol is the major source of 
isoprenoids in sediments, it would be useful in the 
exploration for oil to know how the molecule is incorporated 
into the sediment and how other isoprenoids are formed from 
phytol. Isoprenoid ratios are currently used in oil-to-oil 
correlations (Illich et al., .1978) and oil-to-source 
correlations (Dow, 1974). In addition, the pristane/phytane 
ratio is often used as an Indicator of depositional 
environments. Without thoroughly understanding how these 
compounds are formed, however, I do not feel that these 
ratios can be used with any certainty. For example, 
pristane, which is thought to be indicative of an oxidizing 
environment, is found as a major component in copepods 
(Blumer and Thomas, 1962). Obviously in areas where these 
organisms are significant contributors to sedimentary 
organic matter, pristane will predominate over phytane, even 
in a reducing environment. Therefore, if it is understood 
how phytol breaks down under various conditions, such ratios 
as the pristane/phytane ratio would have more meaning.
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2D 2 7.40 -
2D3 6.50 8 .10
2D 4 7.80 8.15
1C 00 o 7.90















SECOND TRIAL ANAEROBIC pH READINGS
DAYS 0 4 8 13 20 39 42
Column
20 6.85 6.00 7.25 6.90 7 .10 - -
40 6.72 5.50 6.80 7.70 7.50 8 .10 8.32
B 7.20 7.80 7 .10 7.90 7.40 - -
N 7.30 6.50 7.20 7.80 7.90 - -
H 6.30 7.20 7.45 7.55 7.90 7.95 8.01
HN 6.56 6.80 7.15 - - 7 .00 7 . 02
HNP 6.60 6.90 7.00 7.00 7.20 6.75 6.83
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FIRST TRIAL ANAEROBIC Eh READINGS1
Days 20 32 42 76
Column
(H20) (H20/sed.) (H20/sed . ) (H20/sed .
1D1 2 270/10 270/-250 350/-280
1D2 70 3 00/-15 60/-200 -
2D1 240 - - -
2D2 85 - - -
2D3 215 220/ - 60/ - -
2D4 160 330/ - 160/0 310/60
1C 310 CM 270/ - 330/40
2C 70 140/ - 40/ - 24 0/-60
3C CM NW2 320/ - 440/400
4c 305 85/ - -50/ - 420/320
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Days 0 3 7 19 26 42 76
Column
3D1 <1E4 >3E8 5E8 1E9 3E8 2E8 9E8
3D2 <1E4 >3E8 9E8 5E8 2E9 3E8 -
4D1 <1E3 5E7 1E9 3E8 3E8 1E6 -
4D2 2E4 >3E8 1E9 <1E7 1E8 - -
4D3 1E4 2E8 1E8 <1E7 - - -
4d 4 7E4 1E5 9E8 <1E7 <1E7 <1E6 1E7
5C <1E4 2E6 1E6 1E7 7E7 3E6 <1E5
6C 1E5 >3E8 4E7 8e 6 3E7 - -
7C <1E4 <1E3 1E5 <1E3 <1E2 <1E2 <1E3
8C <1E4 6e 4 2E7 3E4 1E2 >1E4 <1E3
IOC <1E4 <1E3 <1E3 <1E3 <1E2 2E4 <1E3
Averages given in computer scientific notation:
2E7 = 2 x 107.
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SECOND TRIAL ANAEROBIC BACTERIA COUNTS 
(average count/ml water)1
lolumn
Days 0 4 8 13 20 39 42
20 <3E5 2E8 1E8 8E7 3E8 - -
40 8E5 1E8 1E8 1E8 2E8 9E8 1E7
B 4E5 1E7 1E7 2E7 2E7 - -
N 3E5 4E7 9E7 7E8 2E8 9E7 -
H <1E4 <2E3 <1E3 <1E3 <1E3 <1E3 <1E3
HN <1E3 <1E3 <1E3 <1E3 <1E3 <1E3 2E5
HNP <1E3 <1E3 <1E3 <1E3 <1E3 <1E3 <1E3
Averages given in computer scientific notation:
2E7 = 2 x 107.
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9 20 42 76
3E8 5E8 < 1E8 3E8
4e 8 6e 8 <1E8 -
3E8 4e 8 - -
8e 8 <1E7 - -
<1E7 <1E7 <1E7 -
<1E7 '3E7 <1E7 3E7
<1E5 1E7 1E6 3E6
6E7 1E6 8e 8 1E8
<1E3 <1E3 <1E3 <1E3
<1E3 <1E3 >1E5 <1E3.
<1E3 <1E3 >1E5 <1E3
Averages given in computer scientifc notation:
2E7 = 2 x 107.
T-2389 117
APPENDIX III
TENTATIVE IDENTIFICATION OF THE "295 MOLECULES"
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Comparison of the major mass spectral fragments found 
for the "295 molecules" with those found for C^q isoprenoid 
lactones, indicates that the the "295 molecules" may be 
isomeric lactones (Figure AIII.l). The C^q lactones were 
conclusively identified by Paul Brooks (personal 
communication) as degradation products resulting from the 
incubation of phytol in an anaerobic sediment. The 
lactones in Brooks’ work were found in the fatty acid 
fraction of the sediment extract; the isolated lactones 
were methylated and identified by GC-MS. The mass spectra 
showed predominant peaks at m/e 85, 99, 111, and 295.
The molecular ion at m/e 310, was not always found. This 
same situation was found with the "295 molecules." Further 
work with methylation and GC-MS or with chemical 
ionization GC-MS is needed to conclusively identify the 
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